Serum from 21 healthy, captive Asian elephants (Elephas maximus) was evaluated by measured and calculated osmolality. Serum osmolality results for this population of Asian elephants had a median of 261 mOsm/kg and an interquartile interval of 258-269 mOsm/kg when measured by freezing point osmometry and a median of 264 mOsm/kg and an interquartile interval of 257-269 mOsm/kg when measured by vapor pressure osmometry. These values are significantly lower than values reported in other mammalian species and have important diagnostic and therapeutic implications. Calculated osmolality produced unreliable results and needs further study to determine an appropriate formula and its clinical application in this species. A 16-hr water deprivation test in 16 Asian elephants induced a small, subclinical, but statistically significant increase in measured serum osmolality. Serum osmolality, blood urea nitrogen, and total protein by refractometer were sensitive indicators of hydration status. Serum osmolality measurement by freezing point or vapor pressure osmometry is a useful adjunct to routine clinical tests in the diagnostic evaluation of elephants.
Introduction
In the field of veterinary medicine, osmometry refers to the study of solute concentrations in physiological solutions. The use of clinical osmometry has received growing attention, particularly in critical care medicine and assessment of metabolic disorders. Serum osmolality is a measure of the amount of solute particles present in the liquid portion of the blood, expressed as mOsm/kg. 20 The major solutes contributing to serum osmolality in mammals are sodium (Na + ), potassium (K + ), chloride (Cl -), bicarbonate (HCO 3 -), blood urea nitrogen (BUN), and glucose (Glu). 20 Minor contributions are made by cations and anions including calcium (Ca 2+ ), magnesium (Mg 2+ ), phosphorus (P) in various anionic forms, and serum proteins (primarily albumin and globulins). 20 Serum osmolality is valuable in determining patient hydration status, electrolyte balance, and response to fluid therapy. It can also be used to evaluate renal function and states of ketoacidosis and to differentiate causes of polyuria and polydipsia. 9, 12 Comparison of measured serum osmolality to direct calculation of serum osmolality is a rapid method of screening for unidentified solutes, such as those causing certain toxicities (e.g., ethylene glycol). 9 Serum osmolality can be directly measured or estimated by calculation when the concentrations of the contributing solutes in the serum have been determined. 20 The 2 commercially available, commonly used measurement methods are freezing point osmometry and vapor pressure osmometry. 9 Both determine serum osmolality by linear extrapolation after comparing the colligative properties of a serum sample to those of pure water, the physiological solvent. Freezing point osmometers evaluate freezing point depression and can be altered artifactually by highly viscous solutions (e.g., high protein or lipid content), nonhomogeneous solutions, additional solvents, or the presence of nonsoluble particulate matter that can act as a crystalline nidus during freezing. 8, 22 Vapor pressure osmometers evaluate serum dew point temperature depression, which is an explicit function of the serum vapor pressure. 22 Vapor pressure osmometry measurements can be artifactually altered by the presence of volatile solutes or additional solvents, high amounts of multiple solvents, or high lipid content. 8 These result in multiphase vapor pressure readings or reduction of vapor pressure formation by reducing solution surface exposure (K. Thomas, personal communication, 2009). 8 In the absence of osmometers, equations have been validated in domestic species to estimate serum osmolality based on routine serum biochemistry values. 20 Serum osmolality in Asian elephants 689 these formulas are a variation on the following: osmolality = cations + anions + Glu + BUN. 20 Given the major contributors to osmolality and that serum must remain electrically neutral, one of the most common formulas used in domestic mammals is osmolality = 2(Na + + K + ) + Glu + BUN. 20 A value slightly less than 2 is sometimes used in the formula to account for incomplete ionic dissociativity. 16 Since calculated osmolality is an approximation, the value is rarely exactly equal to the measured osmolality. Typically, an osmol gap (measured osmolality minus calculated osmolality) of 4-6 units is considered clinically insignificant. 20 Calculated osmolality may be artifactually altered in states of pseudohyponatremia, which affects osmol gap values. 20 The best formula for accurately determining calculated osmolality is species specific and dependent on clinical context. 1, 9 Thus, simple extrapolation of a formula from one species to another is not appropriate, and formulas should be validated against measured osmolality in individual species. Normal measured serum osmolality values vary by species (Table 1) with most mammals having values near 300 mOsm/kg. 20 Serum osmolality is expected to increase with a decrease in hydration level. 20 In large healthy animals, a 24-hr water deprivation test can be performed to induce a temporary state of mild, subclinical dehydration with little risk to health. 18 Serum osmolality has not been scientifically evaluated in elephant species in healthy, dehydrated, or other states. The goals of phase 1 of the current study were to evaluate methods for measuring and calculating serum osmolality in Asian elephants (Elephas maximus), to develop normal serum osmolality values for the population, and to compare serum osmolality values with those of other species. The goal of phase 2 of this study was to determine whether mild dehydration induced by 16-hr water deprivation could cause a statistically significant increase in serum osmolality in the Asian elephant. The study was intended to provide information useful in the clinical management of elephants.
Materials and methods
All procedures were approved via IACUC 201004899 through the University of Florida (UF). Elephants were owned and housed by the Ringling Brothers and Barnum & Bailey Center for Elephant Conservation.
Phase 1. The sampled elephants were 11-67 years of age and consisted of 2 bulls, 1 castrated male, and 18 females, all of whom were considered healthy based on serial physical examinations and normal behavior. Twelve to 15 ml of venous blood was collected using standard phlebotomy technique from a pinna vein of the 21 adult Asian elephants. 13 Blood was collected into Vacutainer a red-top glass 10-ml tubes containing no serum separator gel. After visible clotting occurred and within 1 hr of collection, the blood was centrifuged b (10 min; 2,479 × g). The serum was separated from the cellular component and frozen in CryoVials c for subzero storage. Serum was provided to all laboratories in a frozen state and was thawed on the day of testing. Serum was submitted to the UF Veterinary Diagnostic Laboratories (UFVDL) Clinical Pathology Service. Serum osmolality was measured by 2 methods: vapor pressure osmometry d (VPO) and freezing point osmometry e (FPO). In accordance with the manufacturer's instructions for the osmometers, on each day of use, the vapor pressure osmometer was calibrated with 3 concentrations of standard salt solution, and the freezing point osmometer was calibrated with 2 concentrations of standard salt solution. Both osmometers were tested on each day of use with 2 levels of human assayed controls. In addition, feline, canine, and equine serum samples (n = 20 of each) were evaluated throughout the elephant testing period to ensure that normal domestic species samples were generating FPO and VPO results in agreement with established laboratory reference intervals on both osmometers (data not published). On the elephant samples, serum chemistry panels were performed f concurrently to obtain individual serum solute values, which included total protein (TP) by the biuret reaction method and albumin by the bromocresol green dye-binding reaction method. Serum protein electrophoresis panels were performed g to measure individual serum protein constituents that contribute to osmolality. The panels consisted of albumin, alpha-1 globulins (α 1 ), alpha-2 globulins (α 2 ), beta globulins (β), and gamma globulins (γ). In the protein electrophoresis, TP was determined by refractometry, and absolute individual protein fractions were determined by calculation using electrophoretogram-generated percentages. For further analysis of the elephant serum, 2 mathematical formulas were used to generate calculated osmolality values from the serum chemistry panel results. Solute unit of measurement conversions were performed based on reported atomic and molecular weights and conversion units that are considered uniform across species. 20 The first formula, referred to as the simple formula (SFO), was based on the common equation previously mentioned, where SFO osmolality = 1.95(Na + + K + ) + Glu + BUN. The value of 1.95 was used to force the mean SFO to closely match the mean of the osmometer measurements. This value is reasonable to account for incomplete ionic dissociativity and is close to values reported in other species. 16, 20 A second formula, referred to as the complete formula (CFO), was generated in an attempt to more accurately reflect all the measured solute concentrations, where CFO osmolality = Na + + K + + Cl -+ Mg 2+ + P + Ca 2+ + HCO 3 -+ BUN + Glu + creatinine + total bilirubin + triglycerides. This formula makes an inherent assumption of complete ionic dissociativity. Protein was excluded because it is considered a minor contributor to osmolality, and appropriate protein unit conversion factors, which vary by species, have not been determined for the Asian elephant. 20 Phase 2. Several weeks after phase 1, a water deprivation test was performed independently. One castrated male and 15 female elephants (ages 16-67 years) were selected from the previously described group based on elephant availability and behavioral compliance for consecutive blood draws under time constraints. This group typically received water ad libitum twice daily: once in the morning when shifting from barn to pasture and once in the evening when returning to the barn for the night. As previously described, venous blood samples were collected at 2 time points into Vacutainer red-top glass 10-ml tubes containing no serum separator gel a and Vacutainer green-top plastic 3.0-ml tubes each containing 51 USP units of lithium heparin. a Red-top tubes were filled prior to green-top tubes. The initial blood samples (T 0 ) were collected in the evening after the elephants were given free access to water and were moved into the barn. Water was withheld after the T 0 sampling. The second blood samples (T 1 ) were taken an average of 16 hr 34 min (minimum 15 hr 42 min; maximum 17 hr 33 min) post T 0 , which was after the animals were shifted to pasture. After the T 1 sampling, the elephants returned to receiving water as usual. The sampled elephants, therefore, had missed 1 routine water administration at T 1 . Packed cell volume (PCV) and TP (refractometer) were measured on each blood sample from the green-top tubes using standard techniques. 20 Serum was separated from the cellular component, frozen, and submitted to the UFVDL Clinical Pathology Service for testing as previously described. Based on results from phase 1, only 1 osmometry method was deemed necessary for comparison between time points. Because it is the more common method, FPO was performed along with concurrently run serum chemistry panels to obtain solute values for SFO. 20
Statistical analysis
Calculations were performed using MATLAB v. R2008b. h All statistical tests were performed at the 95% confidence interval with a P value < 0.05 considered significant. All comparison tests were 2-tailed. Due to the low number of samples, results are presented as medians with interquartile intervals where appropriate.
Phase 1. Lilliefors tests were used to evaluate data for normality, and a P value ≥ 0.05 was interpreted as indicating a normal distribution. The elephant FPO results and VPO results were compared using a paired t-test. The elephant FPO and VPO means were compared to the reported reference means of the comparison species listed in Table 1 
Results

Phase 1
For the sampled population of healthy, captive Asian elephants, the measured serum osmolality values generated a median of 261 mOsm/kg and an interquartile interval of 258-269 mOsm/kg for freezing point osmometry and a median of 264 mOsm/kg and an interquartile interval of 257-269 mOsm/kg for vapor pressure osmometry. Serum osmolality results by each method are shown in Table 2 . There was no significant difference between the FPO and VPO median values (P = 0.40). The elephant FPO and VPO measurements were consistent with normal distributions (FPO P = 0.35 and VPO P = 0.50), and no significant difference was observed between elephant FPO and VPO mean values (P = 0.60) or variances (P = 0.80). The elephant osmometer results were significantly lower than the reported species listed in Table 1 when compared with the reported reference means (all comparisons P < 10 -9 ). In fact, the reported reference intervals for the other species listed in Table 1 did not even overlap with the interquartile interval for the elephant FPO and VPO values.
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The elephant FPO and VPO results exhibited a statistically significant correlation (r = 0.71). Assuming a linear relationship, when Deming regression analysis was used to express elephant VPO in terms of FPO, where VPO = a + b(FPO), an estimated intercept (a) of 6 ± 61 and a slope (b) of 0.97 ± 0.23 were obtained. These values indicated no significant constant bias (a) or proportional bias (b) between the FPO and VPO measurements. However, relatively large confidence intervals existed for the intercept and slope estimates, which is reflected in the regression uncertainty lines in Figure 1 . These confidence intervals were directly related to the sizeable distances between the osmometer measurements and the illustrated reference line. As a result of this uncertainty, there is no obvious or significant trend to explain the observed differences between corresponding FPO and VPO measurements.
In contrast to the elephant osmometer measurements, the elephant SFO and CFO results ( Table 2) were not normally distributed (SFO and CFO P < 0.001). No significant differences in variance were observed when FPO and VPO measurements were compared with SFO and CFO measurements (all comparisons P > 0.32). As expected, the SFO mean and median were in agreement with both the FPO and VPO mean and median values because the dissociativity coefficient of 1.95 was chosen for this purpose. Interestingly, the CFO results were significantly lower than the FPO and VPO results (CFO vs. FPO P = 0.0496; CFO vs. VPO P = 0.03). Furthermore, neither the SFO nor CFO results significantly correlated with the measured osmolality values (SFO to FPO r = -0.28; SFO to VPO r = -0.40; CFO to FPO r = -0.24; CFO to VPO r = -0.39), as shown in Figure 2 . The only significant correlation between chemistry panel values and osmometer values was a negative correlation between total serum calcium and FPO (Ca 2+ to FPO r = -0.47). Most serum solutes had a slightly negative, but nonsignificant, correlation with both FPO and VPO.
Phase 2
From the T 0 to T 1 time of water deprivation, there was a significant increase in FPO, BUN, and TP (refractometer). Results with corresponding P values are shown in Table 3 , and individual elephant values are shown in Figures 3-5 . A significant increase in FPO variance (P < 0.001) also occurred. The values for SFO, PCV, TP (biuret), and creatinine exhibited no significant change between time points.
Discussion
For the Asian elephants in the current study, the serum osmolalities generated a median of 261 mOsm/kg by freezing point osmometry and 264 mOsm/kg by vapor pressure osmometry. The osmolality values obtained were significantly lower than reported reference intervals from dogs, cats, horses, manatees, rats, and Hispaniolan Amazon parrots. In fact, the osmolality levels measured in these healthy, normally hydrated, adult Asian elephants would be considered critically low, even potentially fatal, in other reported mammalian species. 2, 4 Proper interpretation of serum osmolality values in Asian elephants has important clinical implications, including avoiding erroneous diagnosis of hypo-osmolar disorders in this species. Due to the poor correlations with measured FPO and VPO values and the wide reference intervals, the calculated osmolality formulas assessed in the present study are of little clinical value. If further investigation determines that an appropriate calculated osmolality formula for Asian elephants exists, it likely requires unique ionic dissociativity coefficients.
The 16-hr water deprivation test successfully induced a measureable, significant change in FPO from T 0 to T 1 (Fig. 3) . Additionally, BUN and TP (refractometer) values had statistically significant changes from T 0 to T 1 (Figs. 4, 5 ), but the values for SFO, PCV, TP (biuret), and creatinine exhibited no significant change. The subtlety of the changes in 3 parameters and the lack of changes in the remaining parameters indicate that a statistically significant but subclinical degree of dehydration occurred. These findings suggest that measured serum osmolality, BUN, and TP (refractometer) appear to be early indicators of change in hydration status for Asian elephants. When compared with previously determined normal values for an individual elephant, measured serum osmolality may be a useful adjunct for detecting minor changes in hydration that are not clinically apparent. Additionally, paired serum osmolality measurements may be useful in assessing patient response to fluid and electrolyte therapy, nonisotonic diuresis, or changes in husbandry.
The correlation between the elephant FPO and the VPO readings (r = 0.71) was somewhat lower than expected. The significance of this is unknown, but the fact that the elephant FPO and VPO results had a relatively narrow range may have magnified the influence of the inherent measurement error. Other potential causes include presence of unique serum solutes or solute interactions that affected osmometer readings. The same osmometer method should be used when measured osmolality values with high precision are desired or when comparing osmolality values for minor changes.
The biological significance of the Asian elephants having a lower serum osmolality than the comparison species, including another Afrotherian, is unknown. This may be a vestige of proboscidean ancestry, which recent evidence indicates may have had an aquatic component contributing to unique anatomical and physiological features. 7, 23 In addition to decreased rigidity of erythrocytes, this may be a feature aiding peripheral circulation in a large body. 24 Alternatively, elephants do not always have immediate access to water in the wild, and a lower osmolality may allow physiological room for water deprivation. 11 Studies of wild elephant populations, elephants in states of illness, and other Afrotherians will improve understanding of this physiological parameter, its biological context, states of alteration, and clinical applications.
The effects of fluid therapy on serum osmolality in elephants also need investigation. Elephants are often given free water by oral and rectal routes, whereas commercially available intravenous fluids are more often reserved for neonates and juveniles, critically ill cases, and anesthetic procedures. 6, 10, 14, 19 The commercial fluids are similar to the extracellular fluid composition of most mammals and include 0.9% sodium chloride (308 mOsm/kg), Plasmalyte i (312 mOsm/kg), Normosol-R j (296 mOsm/kg), and others. 3 Based on the current study, it is important to recognize that such fluids are hyperosmotic compared with adult Asian elephant serum. The clinical significance of this fact needs to be investigated; until then, clinicians should consider coupling any commercial fluids with orally or rectally administered free water to replace water deficits and reduce any potential deleterious effects of hyperosmotic fluid administration.
The absence of a clear, linear relationship between the elephant measured osmolalities and either the chemistry panel or protein electrophoresis solute values may simply indicate that a successful regression over this small of a measurement interval may not be possible. The expected strong correlations between many of the chemistry panel measurements may also have interfered with regression analysis. Additionally, there may be an unaccounted serum characteristic that is causing a dominant influence on the chemistry panel or osmometers. The significance of the negative correlation of Ca 2+ with FPO is unknown. Calcium is known to interact with serum proteins, although the level of interaction varies with species. In the healthy animal, total Ca 2+ is comprised of approximately 51% ionized Ca 2+ in the horse and 56% ionized Ca 2+ in the dog. 17, 21 The remaining Ca 2+ binds to negatively charged sites on proteins, with roughly 80% bound to albumin and 20% to globulins in domestic species. 20 Binding is charge dependent and, consequently, affected by serum pH. 20 An increase in Ca 2+ -protein binding could reduce the dissociativity coefficient and affect osmolality values. Study of ionized Ca 2+ and its relationship to measured serum osmolality would help clarify this relationship in the Asian elephant.
In conclusion, interquartile intervals for serum osmolality of a healthy, captive population of Asian elephants have been established as 258-269 mOsm/kg for freezing point osmometry and 257-269 mOsm/kg for vapor pressure osmometry. These values are significantly lower than those reported in other mammalian species. This unique aspect of Asian elephant physiology has important diagnostic and therapeutic implications, particularly in regard to fluid therapy. Calculated osmolality values correlate poorly with measured osmolality, indicating that calculated osmolality should not be used in this species without new insight from further investigation. In the Asian elephants, water deprivation induced a statistically significant increase in measured serum osmolality, BUN, and TP (refractometer), indicating the potential to use paired samples to evaluate subclinical changes in hydration status in response to medical therapies or husbandry changes. Clinicians may use serum osmolality measurement in Asian elephants for a more thorough diagnostic evaluation and to better assess response to medical therapies and husbandry changes.
